Dumpsites have to be carefully sited, since they can harm groundwater quality, especially in countries like Jordan, that depends totally on groundwater resources. The northern part of Jordan witnesses an accelerating population growth because of refugees' growth, according to the political situation in the region. Dumpsites have to be accordingly expanded. This study investigates two dumpsites in two areas in order to determine safe expansion directions, utilizing DRASTIC index for groundwater vulnerability against pollution and using GIS environment. Geo-structural analysis supported the results with more reality, while hydro-chemical analysis and water flow directions of groundwater enabled validating the results.
INTRODUCTION
Jordan is located in an arid and semi-arid region and is among the first three top countries suffering water scarcity in the world, thus the challenge to meet population needs of water and food is well known at all levels. Jordan's groundwater is distributed among 12 major basins (MWI, 2009) . The second largest basin is Amman-Zarqa basin that hosts Amman city (the Capital) and the second largest city; Zarqa. The area of these cities is facing environmental threats, like: desertification, biodiversity loss and pollution of water and soil resources. Therefore, there is a need to restore and rehabilitate its ecosystem while maintaining its development sector (Salahat et al., 2014) . Salameh (2001) stated that the estimated safe yield of these groundwater basins in Jordan is ca. 276 MCM/Y. Current national groundwater abstraction stands at ca. 485 MCM/Y, representing 54% of the total water usage. 38% derives from surface water supplies and 8% of the total water use, exclusively for irrigation, comes from treated wastewater (MWI, 2002b) .
As a result of limited water availability and possible issues of water quality degradation in Jordan, there is clearly a pressing need for fast techniques that allow an evaluation of groundwater sensitivity over large areas.
Groundwater vulnerability mapping depends on the idea that some areas are more vulnerable to groundwater contamination than others (Piscopo, 2001) , where some vulnerability indices have been developed for planning issues in many areas of the world since the 1980s (e.g., Carter et al., 1987; NRA, 1994) . Knox (1993) stated that the vulnerability concept is implemented by classifying an area with respect to its susceptibility to groundwater pollution rather than using dynamic groundwater models, because groundwater models often have data requirements that cannot be satisfied in many parts of the world.
Most of the household wastes in Jordan are buried in landfills. An important factor in how landfills are built is how they contain waste and prevent waste from contaminating nearby soil and water sources. The possibility of leachate contaminating soil and groundwater exists wherever waste is disposed of. Factors that affect leachate generation are: climate (rainfall), topography (run-on/run-off), landfill cover, vegetation and type of waste.
Surface pollutants continue to leach with percolating water into the depths through geologic cracks, faults, joints, karstic canals or connected pores and may contaminate groundwater (Al-Farajat, 1997) . Many old landfills used a simple clay liner for containing leachate (clay is one of the most impermeable soils).
Newer landfills in the world are required to meet requirements that prevent environmental contamination. These landfills have sophisticated liner systems often made of heavy-duty, high-density polyethylene (HDPE) plastic, where leachate is collected at the bottom. The leachate is typically treated on-site or is pumped out and sent to a local wastewater treatment plant.
Treated leachate can be disposed of in a number of ways (e.g., discharged to surface waters or re-circulated back into the landfill). A common convenient procedure for disposal of household and domestic garbage is to take it to the nearest ravine, hollow or back road and leave it in a completely unprotected situation. Because this kind of behaviour is such an accepted and uncontested way of life for many households, the effect of this garbage upon water quality can be overwhelming.
Often, there is absolutely no regard for the contamination potential of some of these items. The results of this can be the introduction of very toxic substances into streams and groundwater.
While water supply is a crucial issue, there is also substantial evidence to suggest that the quality of groundwater supplies is also under threat as a result of many factors including landfill sites that might pose a great threat to the groundwater quality (Al-Adamat, 2002) .
Problem, Aims and Methodology
In 2002, the Jordan Ministry of Water and Irrigation (MWI, 2002a) published a National Water Strategy and Policy document which recognized that water use in the country already exceeded renewable freshwater resources by more than 20% and that after the year 2005 freshwater resources would be fully utitized, so that there remain no known resources within the country to develop, where the country is living water poverty. Population growth in the country over the past decade reached ca. 3.5%. Since 2011, the growth of daily acceptance of refugees and displaced persons resulting from prolonged conflicts in the Middle East puts big pressure on the available water resources, where the population of the country increased from 6 to around 9 million persons in the period (2011) (2012) (2013) (2014) . This has led to the exploitation of groundwater resources at more than twice their sustainable abstraction.
The accelerating population growth in Jordan, especially in the northern governorates at the borders with Syria, places pressure on landfills and requires local authorities to expand them, where major landfills in the named governorates are in need to be expanded. This paper focuses on two sites of landfills; Russaifah and Mafraq landfills, which are underlain by the Amman-Zarqa groundwater basin (Fig.1) .
Russaifah landfill is located in the pits which were made to mine phosphate in Russaifah area. Levels of groundwater in the area are considered shallow and the aquifer is productive and renewable. The nature of the Amman-Zarqa aquifer system requires taking its hydrogeologic aspects, stratigraphy and geologic structure into consideration in decision making of expansion of the landfills.
This research depends in its methodology on identifying each landfill and its daily uses, its geology, geologic structure and hydro-geologic aspects (groundwater depths and flow directions), as well as building groundwater vulnerability maps using DRASTIC index (which stands for depth to groundwater, recharge, aquifer media, soil texture, topographic slope, impact of vadose zone and hydraulic conductivity). The produced vulnerability will be validated with hydro-chemical analysis from available wells in the surrounding of each landfill. The produced maps with the aid of structural maps will infer safe expansion directions.
PREVIOUS STUDIES
Several studies used the DRASTIC model with GIS. Secunda et al. (1998) integrated the impact of extensive landuse (risk) data over long periods upon aquifer media as an additional parameter in the DRASTIC model. Fritch et al. (2000) used GIS with a modified DRASTIC model to perform groundwater vulnerability assessment in north-central Texas, USA.
Al-Farajat (2002) used GIS to sub-zone the coastal city of Aqaba/Jordan in terms of the aquifer vulnerability to pollution risks using DRASTIC index. Depending on the resulting maps, the suitable land use units for each zone in the light of vulnerability grades have been suggested aiming at protecting the available groundwater resources and the marine life of the Gulf of Aqaba, where the submarine groundwater discharge was quantified in the same study.
Al-Adamat et al. (2003) used GIS, remote sensing and the DRASIC index to investigate groundwater quality in the Azraq Basin, Jordan. They argued that the use of this methodology allowed an investigation of the potential for groundwater contamination based on a regional range rather than on a site-specific basis. The methodology employed empirical means to integrate aquifer media and extensive agriculture land use data. El-Naqa et al. (2006) attempted to assess the vulnerability of groundwater to contamination in the vicinity of the solid waste disposal site at Russaifah area using a DRASTIC model combined with a Geographic Information System (GIS). They concluded that the major cause of groundwater contamination is the presence of Russaifah solid waste disposal site, which was placed on the most important aquifer in Jordan. Salahat et al. (2014) used new statistical techniques of prediction profiler and hierarchical cluster combined with geographic information systems to assess groundwater quality based on three categorical controlling factors; landuse/ land cover (LULC), soil texture and aquifer type.
STUDY AREA
The study area is underlain by Amman-Zarqa basin which is the most important basin in Jordan covering an area of 3,900 km 2 and providing the habitat for more than half of the Jordanian population. It includes Amman (the Capital), as well as Zarqa (Fig. 1 ) the second largest city hosting about 75 % of the national industrial activities (DOS, 2007) . This research covers two landfills in two different areas; Mafraq governorate and Zarqa governorate.
Mafraq Dumpsite
Mafraq dumpsite is located to the east of Mafraq city south of the main road to Baghdad. The site is located at 5 km from the main highway and 0.5 km from the closest settlement with the following coordinates: 32° 15' 37.58"N and 36° 20' 33.66"E.
The investigated area in this research for Mafraq dumpsite is covering an area of 314 km 2 produced through the use of a buffer of 10 km around the dumpsite center. The site is currently receiving a range of wastes from diverse sources, including hazardous waste which may lead to groundwater pollution (Al-Meshan, 2005) . The site has an area of 18 ha and a capacity of receiving around 100 tons/day, which could be divided as: 90 tons from domestic sources, 4 tons from agriculture sources, 5 tons from industrial sources and 1 ton from medical sources (Al-Meshan, 2005) . The site receives heterogeneous wastes including municipal, industrial and medical wastes from Mafraq area.
Al-Meshan (2005) stated that Mafraq dumpsite was designed to last for 20 years, with a total potential landfill area of 38 ha. The nearest farm from the dumpsite is about 1 km away. The site belongs to the government and has been operating for more than 10 years. Diverse solid wastes are received from 28 local municipalities, 12 industrial units in Mafraq district on a daily basis in addition to the produced solid wastes from Al-al-Bayt University.
The dumpsite management does not include daily addition of sediments, because it is a difficult process due to high waste loading (Al-Meshan, 2005) . According to Hussein (2002) , about 70 tons of reusable solid wastes are taken from factories from Mafraq disposal site each week.
The annual precipitation in the area varies between 100 mm in the east and 200 mm in the west as shown in Fig. 2a . The groundwater flow direction in the area is mainly towards the east as shown in Fig. 3a .
Russaifah Dumpsite
Russaifah dumpsite is located to the east of Amman-Zarqa highway with the following coordinates: 32° 00' 21.10" N and 36° 03' 29.04" E.
Similar to Mafraq dumpsite, the investigated area in this research for the Russaifah dumpsite is covering an area of 314 km 2 produced through the use of a buffer of 10 km around the dumpsite center. It is located adjacent to three large cities; Amman, Zarqa and
Russaifah. Recent studies have indicated that at Russaifah landfill site the leachate will be produced for 15 years after closure (World Bank, 1994; RSS, 1995) . According to Al-Meshan, (2005) , Russaifah site was selected and operated without bottom lining and is located above one of the major groundwater basins (Amman-Zarqa basin). This site has polluted groundwater after only 3 years of operation (RSS, 1995) . One of the main criticisms by Chopra et al., (2001) to the local sites is the proximity to heavily populated areas and areas where extensive pollution to water supplies could be caused by leachate.
According to Al-Meshan, (2005) , some of the people who live around Russaifah site suffer from skin diseases, breathing problems, flies invading their homes and rodents found everywhere. Some of the inhabitants decided to sell their residents, since they no longer believe in what the government promised them since 1989 to close the site.
The climate in the area is classified as arid to semiarid with low rainfall; i.e., 50 mm in the east to 350 mm in the west (Fig. 2b) . The direction of groundwater flow in the area is toward southwest (Fig. 3b ). The outcropping rocks in this site are cenozoic rocks consisting mainly of carbonate and basalt.
Below is a brief description of the exposed rocks. Umm Rijam chert-limestone formation (Eocene) is a widespread and exposed well in the study area. The exposed part of the formation is a few meters thick and consists of limestone, chalky limestone and chert. The nature of the volcanic rocks in NE Jordan is of alkali olivine basalts; i.e., Pleistocene (Bender, 1968; Barberi et al., 1979) . The basaltic rocks in study area are highly weathered and highly fractured. The surface geology of Mafraq dumpsite is dominated by basalt in the east and limestone in the west (Fig. 4a) . The soil texture in Mafraq dumpsite area is classified into three classes; sandy loam, loam and silty loam (Fig. 4b) . 
Russiafah
The outcropping rocks in this site are upper cretaceous rocks (Bender, 1974; Powell, 1989) . Below is a brief description of the exposed rocks.
Wadi As Sir formation (Turonian) covers broad areas to the south of the study area. The formation is 90 m thick and consists of bedded massive limestone, hard buff dolomitic limestone with subsidiary marls and chert nodules common in the middle and upper parts. According to Powell (1989) , this formation was deposited in a shallow marine environment.
Wadi Umm Ghudran formation (ConiacianSantonian) is up to 15 m thick and consists of massive, white buff-grey, hard, detrital chalk that contains fish teeth and shell fragments and thin layers of chert. The formation was deposited in moderate to deep water pelagic environment (Powell, 1989) .
Amman formation (Santonian-Campanian) consists of dark brown to grey thick bedded chert, silicified limestone, chalk, marl, siliceous couquina, cherty phosphate and brecciated chert. It outcrops at the landfill and its surrounding areas and varies in thickness from 80 m to 150 m (Howard and Humphreys, 1983) . The distinguishing feature of this formation is the presence of undulations, in addition to fracturing and jointing in the chert beds. This formation was deposited in a shallow marine environment (Powell, 1989) .
Al Hasa formation (Campanian-Maastrichtian) is 25 m thick and consists of thin to medium bedded phosphate, cherty phosphate, limestone, couquina and marl. The formation was deposited in a shallow marine environment. This formation forms part of the phosphorite belt in which the phosphate horizons were mined at Russaifah area. The wadi fill deposits overlie Amman and Wadi As Sir formations and consist of sands and gravels with variable thicknesses from 15 to 20 m (Bender, 1974) .
The soil texture in Russaifah dumpsite area is classified into two classes; loam and silty loam (Fig. 5) .
Figure (5): Soil texture in Russaifah dumpsite

Geological Structures and Paleostresses
The study area lies within the east Jordanian Plateau according to Bender (1974) . It is located a few kilometres from two major faults; the first is the Jordan Valley Fault (JVF) and the second is the Sirhan extensional fault (Fig. 6 ).
The main structures encountered at the landfill area/ Russaifah dumpsite are: NE-SW faults related to the Amman-Hallabat fault zone, which extends from southwest of Amman towards the northeast (Mikbel and Zacher, 1986 ).
The investigated area (Russaifah dumpsite) is located at the downthrown side of the Amman-Hallabat fault zone (also called structure). This fault zone extends about 80 km from the northeastern corner of the Dead Sea in the west to Qasr Al Hallabat in the east cross the study area (Diabat, 2009 ). This structure is mainly represented by a dextral strike-slip fault accompanied by smaller antithetic and synthetic faults and sub-parallel folds (anticlines and synclines). It strikes generally ENE-WSW in the study area and in Amman sheet as a whole and curves to become towards NE-SW in the adjacent areas (Diabat, 2009) . The downthrown along the main fault of this structure is toward NNW, which was evidenced by the rock units at either sides of the fault. Santonian-Campanian Amman formation exposed on the downthrown side against Turonian Wadi As Sir formation in eastern Amman area. Reactivation of the fault has been evidenced by the measurements of slickenlines along many small fault planes.
This fault changed the direction along its strike in many places, especially outside the study area, accompanied by vertical component resulting in either transpression or transtension (Diabat, 2009 ). Extensional structures, e.g., NW trending normal faults and compressional structures like NE trending folds were also found in the study area. These structures are believed to have resulted in association with the major strike-slip system with maximum principal stress axis (σ 1 ) swinging around N-NW direction that deduced from the paleostress results (Diabat, 2009) . This produced three different stress states related to the major fault (Amman -Hallabat) in the study area and the adjacent areas (Diabat, 2009) . NW compressional stresses affected the area and produced the major Amman-Hallabat strike-slip fault. This direction of compression is related with the left-lateral movement along the Dead Sea Transform (DST), which is still active since mid-Miocene age (e.g., Eyal and Reches, 1983; Badawy and Horváth, 1999; Hardy et al., 2010) .
Mafraq dumpsite is located within Harrat Al-Shaam (Fig. 6b) at the western margin of the Arabian plate, tectonically controlled by the Arabian plate movement, which moved northwards along the Dead Sea Transform (DST) fault. The volcanic activity in northeastern Jordan was formed at the time of rifting process along the Jordan Rift.
Because there are no previous studies which dealt with paleostresses in the study area, the present study is an attempt to determine the principal stress axes and the related stress fields based on fault-slip data of mesostructures (Fig. 6) . The fault-slip data collected from basaltic rocks nearby Mafraq dumpsite were inverted to obtain the four parameters of the reduced stress tensor as defined in Angelier (1979 Angelier ( , 1989 Angelier ( and 1991 : the principal stress axes; σ1 (maximum compression), σ2 (intermediate compression) and σ3 (minimum compression) and the ratio of principal stress differences R= (σ2 -σ3)/ (σ1-σ3). The four parameters are determined by using successively an improved version of the right dihedral method of Angelier and Mechler (1977) and a four-dimensional numeric rotational optimization method (Delvaux, 1993; Delvaux et al., 1997) as shown in Fig. 7 . The analysis of paleostresses based on mesostructures or minor faults in terms of fault-slip data is a good way to reconstruct stress tensors and the related stress field. The results of the paleostress analysis indicate that σ1 (SHmax) and σ3 (SHmin) are sub-horizontal and σ2 is subvertical in a stress tensor (Fig. 3a) , belonging to the strike-slip regime. It shows NW-SE compression and NE-SW extension. This direction reveals a regional stress regime rather than a local stress regime; i.e., it is considered as a regional Dead Sea Stress (DSS) field. This stage of deformation took place in Miocene/Pleistocene (Eyal, 1996; Eyal and Reches, 1983; Zain Eldeen et al., 2002; Diabat, 1999; Diabat et al., 2004) . The other two tensors (Fig. 6, b, c) belong to a pure-extensive regime in which σ1 is sub-vertical, reflecting the reactivation processes as normal faulting of the strike-slip faults (this is also shown by the superimposed sub-vertical slickensides on subhorizontal slickensides). They show an extension direction in a general trend swinging around NE-SW. This direction is perpendicular to the Red Sea axis and also to the Sirhan major fault nearby the dumpsites in the study area (Fig. 6 ). 
GIS Vulnerability Analysis
DRASTIC is a widely used model to assess groundwater vulnerability to a wide range of potential contaminants (Evans and Mayers, 1990; Fritch et al., 2000; Knox et al., 1993; Piscopo, 2001; Rundquist et al., 1991; Secunda et al., 1998) . To run this model, spatial datasets on depth to groundwater, recharge to the aquifer, aquifer rocks, soil sizes, topographic slope, impact of unsaturated zone and hydraulic conductivity of the aquifer are combined (Navulur and Engel, 1998) . DRASTIC is a numerical rating system, which was developed by the US EPA, for evaluating the possibility for groundwater contamination at a specific site given its hydro-geological setting (Knox et al., 1993) . Determination of the DRASTIC index involves multiplying each factor weight by its point rating and summing the total (Knox et al., 1993) .
The governing equation for the DRASTIC index (Fortin et al., 1997; Fritch et al., 2000; Knox et al., 1993) is: 
where:
D: depth to groundwater; R: recharge rate (net); A: aquifer media; S: soil media; T: topography (slope); I: impact of the vadose zone; C: conductivity (hydraulic) of the aquifer; r: rating for the area being evaluated; w: importance weight of the parameter.
For this research, DRASTIC was also implemented within a GIS environment. The recharge ratings and weightings used were those proposed by Piscopo (2001) . The remaining parameter weights and ratings were based on those of Knox et al. (1993) . Based on Al-Adamat et al. (2003) , hydraulic conductivity was not used in the development of the DRASTIC index because of the absence of enough data from which this parameter can be estimated. The DRASTIC index was compiled in two separate stages. First stage involved an evaluation of groundwater vulnerability, which is dependent on the physical conditions found in a specific environment and is essentially independent of the use to which the land is assigned. Second stage involved the addition of risk factors focusing on the existing landfill sites in the area. This included the investigation of the water quality of some wells in the vicinity of the landfill sites.
Compiling the Data Base for the DRASTIC Index
A range of secondary data was required in order to provide quantitative information for the groundwater vulnerability assessment, including distribution of soil types, depth to groundwater and spatial rainfall distribution. These data were derived from a variety of sources and were obtained in a range of formats. These data include: 1. Geology, 2. Depth to groundwater, 3. Topography, 4. Soil, 5. Rainfall and 6. Well data.
All these data were converted into GIS format in order to perform the necessary operations that will produce the overall DRASTIC index based on the above mentioned equation.
The DRASTIC index was calculated in the ArcGIS environment to map groundwater vulnerability of the investigated sites and the above equation was used to produce the DRASTIC index model. However, hydraulic conductivity data were not available for the investigated areas. While the majority of data required for the calculation of the index was directly available from the GIS data sets, the estimated recharge values were computed from a combination of slope, soil permeability and rainfall following Piscopo (2001) as listed in Table (1) . The other DRASTIC parameters (depth to groundwater, aquifer media, soil, topography and impact of vadose zone) are shown in Table ( 2) based on Knox et al. (1993) , Al-Farajat (2002) and AlAdamat et al. (2003) . Table ( 
Recharge
In order to calculate the recharge value (Rr × Rw), a digital elevation model (DEM) of the study area was generated from the contour map. The slopes in the study area were then derived from the DEM and classified according to the criteria given in Table 1 .a.
The resulting slope map was converted into a grid coverage taking into consideration that the pixel values in this grid coverage are based on the slope ratings. The soil map was divided into two classes based on the criteria given in Table 1 .b and was then converted into grid coverage. This process was essential in order to perform arithmetic operations within the GIS.
Finally, both grids were added together with the rating value of the rainfall, which is equal to 1 in the study area (Table 1. 
c). Recharge was then calculated using the following Equation based on Piscapo (2001):
Recharge value = Slope + Rainfall + Soil.
(2) The resulting map was then classified according to the criteria given in Table ( 1d) and multiplied by the weighting factor of the recharge parameter (Fig. 8a) (Mafraq dumpsite) and (Fig. 8b) (Russaifah dumpsite).
Depth to Groundwater
The depth to groundwater in the study area was significantly greater than 30 m in all wells (WAJ, 1995) . The depth index was obtained as a result of multiplying Dr × Dw based on the weighting system of Knox et al. (1993) (Table 2) . A constant number of 5 for both sites will be added to the final calculation.
Aquifer Media
As listed in Table ( 2) and based on the geological description of the investigated area, the aquifer media were classified as basalt and limestone for Mafraq dumpsite and limestone only for Russaifah dumpsite. The result of multiplying Ar × Aw is shown in Fig. 9a for Mafraq dumpsite and in Fig. 9b for Russaifah dumpsite. 
Soil
The soil map was classified into three classes based on the ratings for the soil texture. The vector layer of soil was converted into a raster grid and multiplied by the weighting factor of the soil media which produced the map of Sr × Sw as presented in Fig. 10a for Mafraq dumpsite and in Fig. 10b for Russaifah dumpsite.
Topography
In Table 2 , the topographic parameter is subdivided into 5 classes. The slope index, which was derived from the DEM to find the ratings for recharge, was reclassified and then converted into grid coverage and multiplied by the topographic weight as shown in Fig.11a for Mafraq dumpsite and Fig.11b for Russaifah dumpsite.
Impact of the Vadose Zone
The geological description of Mafraq dumpsite area indicated the existence of basalt and limestone, while in Russaifah only limestone was indicated. Based on Table ( 2), Ir was multiplied by Iw for both sites based on their geology. The results of this multiplication is shown in Fig. 12a for Mafraq dumpsite and in Fig. 12b for Russaifah dumpsite.
RESULTS
GIS coverage was entirely in raster format and values for each overlay were summed in ArcGIS according to the pixel value of each area that resulted from multiplying the rating by its appropriate DRASTIC weight (Table 2) . A fixed number of 5 was added to the final raster grid coverage. This number represents the depth to groundwater (Dr × Dw).
The DRASTIC equation listed above was used in ArcGIS to calculate the total DRASTIC index for both sites. The outcome of this calculation was then classified according to Table ( 3). The result of this classification is shown in Fig.13a for Mafraq dumpsite and in Fig.13b for Russaifah dumpsite. Fig.14a shows the sampled wells in the area surrounding Mafraq dumpsite. Six wells were sampled and the samples were analyzed to find the major anions, major cations and trace elements (Table 4) . Fig.14b shows the sampled well adjacent to Russaifah dumpsite. Table ( 
DISCUSSION AND CONCLUSIONS
Results of the final DRASTIC index map (Fig. 13 ) in Mafraq dumpsite area show that the area to the east of the existing dumpsite has high vulnerability to contamination, while the areas to the south and west of the site are of moderate vulnerability to contamination. This can be explained by the effect of lithology which is inferred from the consistency of Figures (4a) and (13a). This means that the basaltic area is more vulnerable to contamination than the limestone area, which is in turn due to the occurrence of the welldeveloped fracture network in basaltic rocks. As groundwater flows through conduits (e.g., fractures), there is little opportunity for filtration or sorption of contaminants onto the aquifer materials. This explains why Mafraq dumpsite is currently located in a highly vulnerable area to contamination.
In Russaifah dumpsite area, it was found that most of the investigated area is of moderate vulnerability to contamination with small areas to SE of the dumpsite which are of low vulnerability to contamination. Russaifah dumpsite is located in a moderately vulnerable area. This is due to lithology which mainly consists of carbonate rocks and to the nature of deformation. Lithology, stratigraphy, fracturing, fault pattern and fold structures are crucial to understand groundwater flow in the study area. Conjugate normal fault sets, strike-slip faults and extension fractures are well-developed in the study area. The study area is dominated by general north-east, north-west and northsouth trending structures like folds and faults (Fig. 6a) . Major joint sets dominate the study area and their trends are mainly NE-SW, NW-SE and N-S following the same trends of the major structures; e.g., AmmanHallabat and Sirhan faults (Fig. 6) . The direction of groundwater flow in Russaifah dumpsite area is toward southwest (Fig. 3b) . This trend has the same general trend of the major Amman-Hallabat fault and its related mesostructures in the study area.
Cracks and joints that interconnect in the soil and bedrocks allow water to reach zones below the surface of the land, where all the fractures and void spaces are completely filled or saturated with water.
In the hydrochemical analysis of the samples taken from wells surrounding Mafraq landfill, it appears that there is no indication of groundwater pollution resulting from the dumpsite. However, this does not mean that the water in these wells is not going to be polluted in the future if the existing situation in the site remains as it is at mean time. Groundwater contamination is a major problem, because contamination can be undetected for long periods of time and might lead to widespread degradation of groundwater quality. Individual contaminated sites are usually not large. But, when degraded, groundwater might remain in an unusable condition for decades or even centuries. This is often due to the low velocity of groundwater which prevents mixing and/ or dilution. This means that a contaminant plume may maintain a high concentration as it slowly moves from the recharge areas to the discharge points. In the well located close to Russaifah landfill, there are some signs of biological contamination in the water which may have resulted from the dumpsite or other resources in the area. The noted fluctuations in the TDS values between the samples that were taken over around one year are attributed to the potential influence of the aquifer with the surface recharge from rain.
In conclusion, vulnerability in the study area is quite controlled by lithology and tectonic elements, such as fracture (faults and joints) pattern, which control the efficiency of the self-purification processes of the contaminants in an aquifer. This emphasizes the crucial need for merging of tectonic settings of an area with traditional vulnerability mapping indexes. Where as an example DRASTIC index depends on factors which assume that aquifers have been unaffected by tectonic features, at the time it is well-known that unpressured groundwater under the effect of gravity follows the easiest path, like cracks, joints, faults or even fissures or bedding planes.
Based on the findings of this study for the study area, the following recommendations are presented for Mafraq dumpsite: 1. No expansion of the dumpsite should be made towards the east. 2. The existing dumpsite needs further precautions and measures in order to prevent any seepage from the dumpsite to groundwater in the area. Lining with clay could minimize the risk of contaminants leaching to groundwater. 3. There is a need to have a monitoring well close to the dumpsite to sample groundwater on regular basis (monthly) and analyze the water samples to find if there is any drastic change on the groundwater quality. For Russaifah dumpsite, it does not receive any waste at the mean time. Therefore, it is recommended to find a solution for the leachate that exists in the area.
More precautions and measures must be taken in the site to prevent more seepage to groundwater. Clay layers on the top of the dumpsite area could minimize the seepage that might result from rainfall when mixed with the leachate. It also helps in minimizing the bad smell that pollutes the air in the area. The site could be used in the future as a recreation area for the people in Russaifah and Zarqa.
